duced by the synaptic activation. The present study addresses this question, focusing on the example of Arc mRNA localization that occurs after patterned stimulation of the projections from the medial entorhinal corSummary tex to the dentate gyrus (the medial perforant path). The perforant path is glutamatergic, and transmission Newly synthesized Arc mRNA is selectively targeted to synapses that have experienced particular patterns at these synapses involves ionotropic receptors (AMPA and NMDA) and metabotropic receptors (mGluR). of activity. Here, we demonstrate that the targeting requires NMDA receptor activation. Arc expression If localization requires the activation of particular receptors, then the localization process ought to be diswas induced by an electroconvulsive seizure, and the newly synthesized mRNA was then targeted to synaprupted by selective pharmacological blockade of the particular receptor type. To assess the role of the differtic sites by activating the perforant path projections to the dentate gyrus. When micropipette electrodes ent receptors in mediating mRNA localization, micropipette-recording electrodes filled with receptor antacontaining NMDA receptor antagonists (MK801 or APV) were positioned in the dentate gyrus during the gonists were positioned in the dentate gyrus during the stimulation period. The antagonists diffuse from the stimulation period, newly synthesized Arc mRNA was transported into dendrites but did not localize in the micropipettes, creating a region in which the action of the particular receptor is blocked. Areas distant from activated lamina; instead, the mRNA remained diffusely distributed. AMPA receptor antagonists (CNQX) the micropipette serve as an internal control. Using a paradigm in which Arc mRNA is induced by blocked targeting of Arc mRNA in a small region, and mGluR antagonists (MCPG) did not affect localization. a generalized stimulus (an electroconvulsive seizure, ECS), and subsequently targeted to particular dendritic These results demonstrate that NMDA receptor activation is required for the targeting of Arc mRNA to domains by synaptic activation, we demonstrate that activation of NMDA receptors during afferent activation active synapses.
Figure 1. Selective Targeting of Arc mRNA to Active Dendritic Domains after Induction by Electroconvulsive Seizures
The photomicrographs illustrate the distribution of Arc mRNA as revealed by nonisotopic in situ hybridization. In this experiment, a single ECS was delivered to induce Arc expression bilaterally. Then, the rat was anesthetized, and stimulation and recording electrodes were positioned so as to activate the medial perforant path on the right side. The perforant path was then stimulated at high frequency for 2 hr. spike (3-5 mV amplitude); then high frequency trains both sides (compare Figure 1C , which illustrates the distribution of Arc mRNA in a nonstimulated animal, with (400 Hz trains, eight pulses per train) were delivered at a rate of 1/10 s. Initially, three bouts of ten trains were Figures 1D and 1E ). On the side contralateral to the perforant path stimulation, the Arc mRNA that had been given, and between each bout, ten single test pulses were delivered to monitor synaptic potentiation. Interinduced by the ECS was diffusely distributed throughout the dendritic lamina ( Figures 1A and 1D ). In contrast, on estingly, the high frequency stimulation consistently produced robust synaptic potentiation, despite the fact the stimulated side, Arc mRNA was localized in a discrete band in the middle molecular layer corresponding that an ECS had previously been induced. After documenting the degree of synaptic potentiation, trains were to the zone of termination of the activated synapses ( Figures 1B and 1E) . Hence, Arc mRNA that would otherdelivered at a rate of 1/10 s for various time periods.
The pattern of Arc mRNA localization following this wise have been distributed diffusely in the dendrites following the ECS became highly localized in the acti-ECS/perforant path stimulation paradigm is illustrated in Figure 1 . In this experiment, stimulation was delivered vated dendritic domain as a consequence of synaptic stimulation. for 2 hr, as the Arc mRNA that had been induced by the ECS was migrating into the dendrites. As expected, Arc
Quantitative assessment of the distribution of Arc mRNA across the molecular layer revealed that the dismRNA was strongly induced in the dentate gyrus on tinctness of the band was due in part to the fact that Dynamics of mRNA Targeting to Activated Dendritic Domains levels of labeling were lower in the nonactivated dendritic laminae on the stimulated side than on the side In the above paradigm, synaptic stimulation began about 30-45 min after the ECS (the time it took to anesthat had experienced the ECS only. For example, levels of labeling were near background in the outer molecular thetize the animal and place electrodes for acute neurophysiology). Thus, the 2 hr of stimulation would be taking layer, which contains the dendritic segments distal to the site of termination of the activated synapses. Levels place as the Arc mRNA that had been induced by the ECS was migrating into the dendrites. To further eluciof labeling were also lower in the inner molecular layer, which contains the proximal dendrites through which date how synapse-specific localization occurred, we evaluated how synaptic activity affected mRNA distributhe mRNA would have to move to reach the middle dendritic zones (see Figure 2E) . There are two possible tion when the mRNA was already distributed throughout the dendrites. explanations of the lower levels of labeling in nonactivated laminae: (1) the newly synthesized mRNA quickly For this experiment, rats received an ECS, and then high frequency trains were delivered to the perforant passes through the proximal dendrites and then docks selectively in the middle dendrites, never reaching distal path beginning 1.5 or 1.75 hr after the ECS. Stimulation was then delivered for the 30 or 15 min period respecsegments or (2) synaptic activation causes an overall increase in mRNA degradation in dendrites but stabitively just before the animals were euthanized and perfused for in situ hybridization (in both cases, perfusion lizes the mRNA in the activated domain. occurred 2 hr after the ECS). It is important to note that creased transiently, and then recovered within about 5 min to a level that was near the preexchange baseline at 1.5 or 1.75 hr post ECS, Arc mRNA would have been ( Figure 3A) . In six such control electrode exchanges, the present in the dendrites when the stimulation was initiaverage change in response amplitude after recovery ated. Remarkably, 15 min of synaptic stimulation was was 7% Ϯ 18% ( Figure 3D ). sufficient to produce a prominent band of labeling for AMPA Receptor Antagonists Arc mRNA in the middle molecular layer of the dentate When a saline-filled electrode was replaced by one filled gyrus ( Figure 2B ). Levels of labeling were higher in this with CNQX or DNQX, the amplitude of the negativeband than on the opposite side, which had received an going population EPSP began to decrease within sec-ECS only (compare Figures 2A and 2B , and for quantifionds after the electrode was positioned, and was not cation, see Figure 2C ). Because the band developed so detectable within a few minutes. Figure 3B illustrates a quickly, the accumulation is likely to represent redistrirepresentative experiment involving CNQX. Because the bution of the Arc mRNA that is already in the dendrite results with the two AMPA receptor antagonists were rather than transport of Arc mRNA from the cell body.
very similar, we illustrate results only for experiments Following 30 min of stimulation, the band became involving CNQX. As the negative-going response disapmore distinct as levels of labeling decreased in the nonpeared, a small positive-going response remained; this activated laminae, especially in the outer molecular layer likely reflects a volume-conducted response from dis-( Figures 2E and 2F) . These results indicate that synaptic tant sites. Because of the small residual positive reactivation both causes newly synthesized Arc mRNA to sponse, the average change in response amplitude in rapidly redistribute to the activated zone (as is evident six experiments was Ϫ111% Ϯ 9% ( Figure 3D ). with 15 min of stimulation) and also depletes the mRNA One technical aside: In experiments in which the mifrom nonactivated regions of the dendrites (as seen with cropipette was positioned in the cell body layer so as 30 min or more of stimulation).
to record the positive-going EPSP, response amplitude It is noteworthy that after prolonged periods of synapwas reduced by 80%-90% by AMPA receptor antagotic stimulation (2 hr), the overall levels of labeling in the nists, but a small positive response could still be remolecular layer are lower than on the side that received corded. The small residual response in the presence of an ECS only (Figure 1 ). This suggests that in addition CNQX or DNQX probably reflects a volume-conducted to causing the newly synthesized mRNA to redistribute response from distant sites rather than reflecting incomto active synaptic sites, synaptic activation may also plete blockade of synaptic transmission. This interpretaenhance mRNA degradation. This enhanced degradation is supported by the fact that the negative-going tion could be linked to the targeting of the mRNA to the EPSP in the molecular layer was blocked, so that the activated zone or could be due to signals generated characteristic reversal of the response was not seen throughout the dendrite as a consequence of the intense as the microelectrode was moved through the dentate depolarization (more on this below). gyrus (data not shown). This is indicative of a volumeconducted response that is generated by synaptic curPhysiological Documentation of GluR rents at a distant site.
Antagonist Action
NMDA Receptor Antagonists To define the signals that cause Arc mRNA to localize When a saline micropipette was replaced with one filled at active synapses, micropipettes containing glutamate with MK801 or APV, EPSP slope recovered to near the receptor antagonists were positioned in the dentate gypreexchange baseline ( Figures 3C and 3D ). In six experirus during high frequency stimulation. It was first necesments involving MK801, the average change in EPSP sary, however, to document the effects of GluR antagoslope was 3% Ϯ 19%; in eight experiments involving nists on synaptic responses; this was done in animals APV, the average change in EPSP slope was 5% Ϯ 28% that had not received a prior ECS.
(see Figure 3F ). The lack of effect on population EPSP To characterize the physiological consequences of slope is consistent with the fact that NMDA receptors having GluR antagonists in the micropipette recording play a minimal role in the fast EPSP generated by single electrodes, a saline-filled electrode was first positioned pulse stimulation. in the molecular layer of the dentate gyrus so as to Although NMDA antagonists did not affect baseline record the negative-going population EPSP (for sample synaptic responses generated by single pulse stimulatraces, see Figure 3 ). Baseline responses were recorded, tion, NMDA antagonists had two other prominent efand then the saline-filled micropipette was removed and fects. First, they blocked the late negativity generated replaced with a micropipette filled with saline or with by high-frequency stimulation ( Figure 4A ). Second, they a particular antagonist, taking care to reposition the blocked the synaptic potentiation that would otherwise electrode precisely in the middle molecular layer of the be induced by high-frequency stimulation. Figures dentate gyrus where the negative-going population 4B-4D illustrate data from experiments in which either EPSP was at its maximum. Single-pulse stimulation was MK801 or APV was present in the recording micropithen delivered to assess response amplitude, and then pette. The graphs plot the average slope of the last 30 three bouts of high frequency stimulation (ten trains of responses prior to high-frequency stimulation, and the eight pulses at 400 Hz) were delivered. Between each ten test responses after each of three bouts of ten 400 bout, ten test pulses were collected to assess the degree Hz trains. In control experiments (n ϭ 5), EPSP slope of synaptic potentiation.
increased by an average of 63% Ϯ 6.4%; in contrast, In control experiments, the microelectrode was rewhen either MK801 or APV was present in the recording moved and replaced by another filled with saline. Followmicropipette, synaptic potentiation was blocked. The bar graph in Figure 4D illustrates the mean changes in ing these exchanges, response amplitude usually de- response amplitude after three bouts of high frequency stimulation. In six experiments involving MK801, the mean change in EPSP slope was ϩ7% Ϯ 4%; in eight experiments involving APV, the mean change in EPSP slope was ϩ1% Ϯ 3.7%.
It should be noted the late negativity in response to high-frequency stimulation was also blocked by CNQX (data not shown). This indicates that in the presence of an AMPA receptor antagonist, there was also minimal current flow through the NMDA receptor. This is consistent with the fact that current flow through the NMDA receptor occurs only when the cell is sufficiently depolarized, which can occur either by AMPA receptor coactivation or by action potential back propagation.
MGluR Receptor Antagonists
When a saline micropipette was replaced by one filled with MCPG, EPSP slope recovered to near the preexchange baseline ( Figure 3E ). In four experiments, the average change in EPSP slope was 9% Ϯ 23% ( Figure  3F ). Also, MCPG did not significantly affect the induction of LTP following high frequency stimulation; the average increase in EPSP slope in five experiments in which MCPG was present in the micropipette was 50 Ϯ 15% in comparison to the 63 Ϯ 6.4% in control experiments.
Visualization of the Area of Antagonist Action Using In Situ Hybridization
In situ hybridization analyses of the distribution of Arc mRNA yielded striking visual documentation of the area of blockade produced by receptor antagonists. For these experiments, 400 Hz trains were delivered at 1/10 s for 2 hr in order to generate the fully developed localization pattern. MK801 was present in the micropipette during the period of synaptic stimulation; Arc induction was completely blocked in an area about 1 mm in diameter around the micropipette (Figures 5A and 5B ). In the area of blockade, labeling was present in a small number of granule cells scattered throughout the granule cell layer in a pattern similar to that seen on the non-stimulated side. At the same time, Arc mRNA was strongly induced and selectively localized in the activated lamina in regions distant from the micropipette. When APV was present in the micropipette, the area of blockade was considerably larger ( Figure 5C ). In the case illustrated, Arc induction was blocked throughout most of the area of the dentate gyrus visible in the section. (compare Figures 5G and 7) . Interestingly, however, the band of labeling in the molecular layer was blocked NMDA-Receptor Antagonists Block Targeting of over a somewhat larger area than was the case when Newly Synthesized Arc mRNA to Activated measuring the effect of the antagonists on Arc induction.
Dendritic Domains
We did not evaluate the effects of mGluR antagonists The above results indicate why it is necessary to use on activity-dependent localization in the ECS-perforant an experimental paradigm in which it is possible to dispath stimulation paradigm, because mGluR antagonists sociate induction from targeting. NMDA antagonists did not affect localization in the paradigm involving perblock induction, so it is impossible to study the targeting forant-path stimulation alone. of the mRNA when it is not synthesized in the first place. Hence, we return to the paradigm in which Arc is induced Activation of NMDA Receptors Is Sufficient for by an ECS, and then synaptic stimulation is delivered Induction and Targeting of Arc mRNA under for 2 hr to target newly synthesized Arc mRNA to active
Conditions of AMPA-Receptor Blockade synaptic sites (the ECS/EC stimulation paradigm).
Blockade of fast synaptic transmission by AMPA-recepWhen either MK801 or APV was present in the retor antagonists should also block current flow through cording micropipette during the stimulation period after the NMDA receptor. This is because current flow through an ECS, the selective localization of Arc mRNA in the the NMDA receptor is blocked by Mg 2ϩ unless the cell activated zone was completely blocked in the area is sufficiently depolarized. Sufficient depolarization is around the micropipette. Figure 6 illustrates examples generated during high frequency stimulation as a result of the blockade of localization with MK801 (A) and APV of AMPA-receptor coactivation. Thus, the blockade of (B). In the areas surrounding the micropipette, the newly induction and targeting produced by CNQX could be synthesized mRNA was distributed uniformly across the due to Mg 2ϩ blockade of the NMDA-receptor channel. molecular layer rather than being localized selectively Nevertheless, we cannot exclude the possibility that in the activated lamina. Quantitative analyses of mRNA AMPA-receptor and NMDA-receptor coactivation is redistribution across the molecular layer ( Figures 6D-6F) quired. To address this question, we developed a novel revealed that NMDA-receptor antagonists blocked the strategy for activating NMDA receptors under condiformation of the band of Arc mRNA in the activated tions of AMPA-receptor blockade. lamina, and also prevented the stimulation-induced
The strategy took advantage of the fact that Mg 2ϩ depletion of Arc mRNA in nonactivated laminae (the blockade of current flow through the NMDA receptor outer and inner molecular layer). Importantly, in areas can be relieved by depolarizing the postsynaptic cell. distant from the micropipette, Arc mRNA was still selecThis was accomplished by filling micropipette recording tively targeted to the activated lamina. This targeting electrodes with 4MKCl rather than 0.9% saline, and then can be seen in the medial most portion of the dentate adding CNQX to block AMPA receptors. A representagyrus in the sections illustrated, and is documented in tive experiment is illustrated in Figure 8 . Here, we first the plots of OD ("distant site").
recorded test responses with a standard micropipette The fact that NMDA-receptor antagonists blocked the filled with saline ( Figure 8A) . This electrode was then formation of the band of Arc mRNA in the activated exchanged with one filled with KCl. Following the microlamina and prevented the stimulation-induced depletion pipette exchange, the amplitude of the extracellular of Arc has implications for the potential mechanisms EPSP was reduced, as would be expected if the KClunderlying the depletion of the mRNA from the inactive filled micropipette caused local postsynaptic depolarlaminae. Specifically, in the area of blockade, the highization, which would reduce the driving force for the frequency stimulation still produces strong synaptic EPSC ( Figure 8B ). The KCl-filled micropipette was then depolarization via AMPA receptors, and also massive exchanged for one filled with CNQX dissolved in 4M postsynaptic discharge. Nevertheless, this dendritic KCl. Again as expected, the population EPSP rapidly depolarization and postsynaptic firing is not sufficient disappeared due to the CNQX blockade ( Figure 8C ). to cause depletion, suggesting that the depletion is not After the response had disappeared, high-frequency trains were delivered as above. due to a depolarization-induced enhancement of mRNA Figure 8F ). In these four cases, there was localization. Thus, the massive depolarization mediated no detectable area of blockade of Arc induction around by AMPA receptors is not sufficient to mediate induction the micropipettes, although the band of labeling in the and localization. molecular layer did appear somewhat more blurry than There is, however, a late current that is blocked by normal. In three experiments, a very small area of block-NMDA-receptor antagonists, and we cannot exclude the ade was seen. These results demonstrate that induction possibility that this late NMDA receptor-mediated curand localization can occur in the presence of AMPArent contributes to localization. It does not seem likely, receptor blockade as long as conditions are such as to however, that this small current would be effective allow current flow through the NMDA receptor.
whereas the much larger current generated by AMPAreceptor activation would not. In any case, some signaling process generated by NMDA-receptor activation Discussion seems to play the key role. ments that are novel, involve two competing pharmacological interventions, and may be subject to unrecognized artifacts. Given that AMPA-receptor blockade would also block current flow through NMDA receptors, it was surprising that AMPA-receptor antagonists produced such small regions of blockade of induction and targeting. The most likely explanation is that the area of effective blockade produced by CNQX is more limited than for the NMDAreceptor antagonists. This may be due to more limited diffusion in the tissue or to a sharper concentration gradient due to washout or binding.
NMDA-Receptor Mediated Signaling Events
The present results, together with previous findings, establish that the trafficking of Arc mRNA involves several distinct steps, and that NMDA-receptor activation is required for at least two of these steps ( interest to determine whether the address marker that and/or postsynaptic firing caused by the high-frequency stimulation. is critical for mRNA localization is a step along the signal-
The results of NMDA-receptor blockade provide an transduction cascade that also leads to gene induction important clue that distinguishes between these possior is a separate arm of the NMDAR-initiated signaling bilities. Specifically, in the area of blockade, high-frecascade.
quency stimulation still produces strong synaptic depolarization via AMPA receptors, and also massive A Link between Activity-Dependent Targeting postsynaptic discharge, but this dendritic depolarizaand mRNA Degradation? tion and postsynaptic firing is not sufficient to cause In the experiments involving ECS and subsequent syndepletion. This suggests that the depletion is not due aptic stimulation, the overall level of labeling for Arc to a depolarization-induced enhancement of mRNA mRNA in the dendritic lamina was lower on the side of degradation but instead is due to some process that is the synaptic stimulation than on the contralateral side triggered by NMDA receptor activation. on which Arc had been induced by ECS alone. This One possible explanation of the decreases in Arc suggests that in addition to causing mRNA localization, mRNA with synaptic activation is that depletion is the prolonged synaptic activation also enhances mRNA end result of three processes: (1) the redistribution of degradation. In principal, enhanced degradation could the mRNA inactive to activated laminae and binding at be linked to the targeting of the mRNA to the activated active synapses; (2) localization and/or activity-dependendritic domain. Alternatively, the depletion could be dent enhancement of translation; and (3) a translationan independent process generated throughout the dendependent enhancement of mRNA degradation. . Digital images of an area of the supra-pyramidal blade of the dentate gyrus were collected at 400ϫ. The light intensity was adjusted so that areas exhibiting background levels of labeling (the hilus contralateral to the side of the stimulation) were just above threshold whereas areas exhibiting maximal levels of labeling (the granule cell layer ipsilateral to the stimulation) were within the measuring range. Then, a series of OD measurements were taken across the granule cell layer and molecular layers using a 20 m ϫ 20 m measuring frame. A row of five separate measurements was taken at 20 m steps across the granule cell layer and molecular layer, and the OD values at each step were averaged. The values in the graphs illustrate the mean and standard deviation of the five measurements.
